Introduction
Conformational polymorphism is common among organic crystals. [1] [2] [3] Polymorphic transformations can be accompanied by a change in the geometry of molecules. If the two conformations correspond to two different local minima on the gas potential energy surface (gas-PES), one refers to this as conformational change; if the two conformations correspond to the same local minimum, this is termed conformational adjustment. 1 One can consider two types of conformational polymorphic transformations (accompanied by a conformational change, not conformational adjustment): (1) transformations involving changes in molecular conformations only, with the packing of the molecules preserved (isostructural conformational transformations) and (2) transformations involving changes in both the conformations and packing of molecules, including, in particular, reconstruction of a hydrogen-bond network (reconstructive conformational transformations). A transformation of the first type can proceed without fragmentation of a single crystal (a single-crystal to single-crystal transition). Two sulphonylurea derivatives used in the treatment of type 2 diabetes mellitus, tolbutamide (N-[(butylamino)carbonyl]-4-methylbenzenesulfonamide) and chlorpropamide (4-chloro-N-(propylaminocarbonyl)-benzenesulfonamide), provide examples of rich conformational polymorphism (molecular conformations are different in each of their polymorphs). [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] All known polymorphs of tolbutamide and chlorpropamide contain identical hydrogen-bond motifs, forming infinite chains of molecules of alternating orientation (Scheme 1). Bonded via their central parts, the head and tail regions of the molecules remain flexible. It is therefore not surprising that polymorphs differ mainly in the conformation of the alkyl tail and in the orientation of the benzene ring head. On heating from room temperature, all polymorphs of the two sulphonylureas transform into their respective hightemperature forms (denoted ε for chlorpropamide 8 and I H for tolbutamide 14, 15 ), each of which is stable up to their melting points. The crystal structure of ε-chlorpropamide has been known for a number of years. 7 This high-temperature form, once obtained, can also be preserved at ambient temperature. 6, 7 The crystal structure of I H tolbutamide has remained undocumented to date (CSD version 5.36). 20 The hightemperature polymorph of tolbutamide, contrary to that of chlorpropamide, has never been observed at room temperature. The I L ⇔ I H transformation in tolbutamide is reversible, with the transition temperature close to 40°C. 14, 15 Polymorphs of chlorpropamide behave differently during temperature variations. On cooling, β-chlorpropamide undergoes two reversible phase transitions. 10 The second phase transition (β II ⇔ β III ) is related to a change in the conformation of the alkyl tail in 1/4 of the molecules across the transition point. If cooled below room temperature, ε-chlorpropamide transforms into a different polymorph, ε′, which differs only in the conformation of the molecule from the parent ε-chlorpropamide crystal structure. 9 The α-, γ-, and δ-polymorphs do not undergo phase transitions on cooling. 9, 19 Form III of tolbutamide transforms reversibly into the form denoted as III 2 between 100 and 150 K and is of the single-crystal to single-crystal type. 17 The translation symmetry changes, since the conformation in every third molecule changes during the course of the transformation. The crystal structure of form III 2 was also reported as being "a high Z′ variation of form III". 16 This polymorph was claimed to be the result of special crystallization conditions, although its crystal structure was also solved originally at 100 K, i.e. below the phase transition point, and only after that -at ambient temperature. The purpose of this work was to undertake a structural investigation of the three polymorphs of tolbutamide (I, II, and III) over a wide temperature range in order to fill in the gaps in the available structural data. We aimed to solve the crystal structure of the I H high-temperature form of tolbutamide, in order to clarify the nature of this reversible transformation in tolbutamide, as well as to compare the different types of conformational polymorphic transformations on cooling and heating in tolbutamide and chlorpropamide.
Experimental
Single crystals of three tolbutamide polymorphs were grown from solutions of tolbutamide (SIGMA) in different solvents: form I from ethyl acetate, form II from acetonitrile, and form III from a mixture of MeOH-H 2 O (2 : 1). The mixtures of three polymorphs often crystallised concomitantly. Single crystals suitable for X-ray diffraction were selected from the crystallized batches under a microscope. Single-crystal X-ray diffraction was carried out using an Oxford Diffraction Gemini R Ultra diffractometer with a Ruby CCD detector (MoK α radiation). A low-temperature Oxford Instruments Cryojet HT device was used for varying the temperature. CrysAlis software was used for data collection and processing. 21 For polymorph I L , unit-cell parameters were determined at temperatures from 100 to 350 K, with temperature steps ranging from 10 to 25 K. Data for structure solution and refinement were collected at 100, 200, 295, and 330 K. Crystal structures were solved by direct methods using SHELXS, 22 and refined on F 2 with all data using SHELXL 23 with anisotropic thermal parameters for all non-hydrogen atoms. Hydrogen atoms were either located in the difference maps or were positioned geometrically and refined with a riding model. Additional restraints were imposed on the distances, and the anisotropic displacement parameters for the alkyl tails of tolbutamide molecules in the structures were refined at 330 K, above the phase transition. At this temperature, the alkyl tails are disordered over two positions (Fig. 1) .
For polymorph I, all measurements were carried out with the same single crystal for all temperatures; this includes both the I L and I H forms. Selected crystallographic parameters, data collection and refinement details are summarized in Table 1 . Additionally, for the tolbutamide polymorphs, II and III, the data have been collected in the temperature range from ambient to 100 K, with unit cell parameters refined with a step size of 25 K. Data for tolbutamide III at three temperature points (100, 150, and 295 K) were reported previously 17 and agreed with the results in the present work. The crystal structure of tolbutamide II at 295 K was refined under the assumption that one in four molecules in the asymmetric unit had a disordered alkyl tail, and thus agreed well with that reported in, 15 where it was refined at 153 K. We have also refined the crystal structure of tolbutamide II at 100 K. A model with disorder suggested the occupancy of the second orientation of the alkyl tail below 20%, without a significant improvement in the value of the R-factor. Since the second orientation was also rather close to the main one (conformer adjustment at the most), we have given preference to a model without disorder over two selected positions, but with high values of atomic displacement parameters in general, which is common for many structures with alkyl tails (see Table 1 ). The unit cell parameters for polymorphs I, II, and III for all temperatures are reported in Table S1 of the ESI. † The X-ray powder diffraction patterns were recorded on a STOE STADI-MP diffractometer (CuK α1 radiation, curved Ge monochromator, transmission/Debye-Scherrer mode) with a high temperature attachment for capillaries.
The programs WinGX,
24
ORTEP3 for Windows, 25 WinXPOW, 26 and Mercury 27 were used for visualization and analysis. DSC measurements of the I L ⇔ I H transformation were carried out using a DSC-204 Netzsch. Standard aluminum crucibles (25 μL), covered with a lid (but not sealed), were used and a flow of high-purity Ar (26 mL min −1 ) was employed. Measurements were carried out in a single experiment, cycling heating and cooling at decreasing heating rates of 3, 2, 1, 0.5, and 0.2 K min −1 . The sample (1.6 mg powder) was taken from a commercial batch of tolbutamide (SIGMA) without further purification or recrystallization. According to the X-ray powder diffraction pattern, this was the pure tolbutamide form, I L . 20 We have for the first time ob- Three of the four alkyl tail atoms attract particular attention when considering this transition. The thermal ellipsoids of C10 and C12 increase significantly in size, while that of C11 splits into two ellipsoids with occupancies of 0.59(3) and 0.41 (3) . Despite this disordering, the space group remains unchanged across the I L ⇒ I H transformation, and both the packing and hydrogen-bond framework remain largely unchanged. Only a slight displacement of neighboring molecules can be detected (Fig. 2) . Thermal studies of the I L ⇔ I H transition at different heating/cooling rates (Fig. 3) show endothermic peaks on heating and exothermic peaks on cooling. Usually, the onset temperature on heating is greater than that on cooling because of the thermal inertia in the measuring system. The greater the heating/cooling rate, the greater the thermal inertia and the difference between the onset points, with the onset temperature on cooling always being below the onset temperature on heating. Here, we have a completely different case when the onset temperature of 312.75 K on heating is less than that of 313.0 K on cooling with the smallest heating/cooling rates. Such a case is rather rare and can be explained in terms of randomly distributed transition points among particles in the powder sample; different particles (microcrystals) transform from one polymorph to another at different temperatures. The integral thermal effect of a transformation in a powder appears as a normal distribution in accordance with the central limit theorem. This effect has been discussed for the thermal character of the irreversible γ → α transformation in glycine over a temperature range of approximately 430 to 445 K (Fig. 1 in ref. 28 Table 2 for comparison, with our data borrowed from. [5] [6] [7] [8] [9] [10] The error in the ΔV/V estimate is less than ±0.2% for all data. There is no obvious difference in the ΔV/V changes between the isostructural and reconstructive transformations in either tolbutamide or chlorpropamide. accompanied by disordering of the alkyl tail atoms, in which the low-temperature form is ordered and the hightemperature one is disordered. In chlorpropamide, no disordering of the alkyl tails has been observed, either in the high-temperature or in the low-temperature forms. Tolbutamide II does not show any polymorphic transformations across the temperature range 100 to 300 K. Its normalized volume above 250 K is the smallest (and correspondingly its density is the largest) among all tolbutamide polymorphs.
Results and discussion

Anisotropy of thermal expansion in tolbutamide I
The relative changes in the unit cell parameters versus temperature are shown for tolbutamide I L and I H in Fig. 5 . Both polymorphs are orthorhombic and the principal axes of the strain ellipsoid coincide with the crystallographic axes. The thermal expansion character can be clearly defined by two regions: (1) conventional linear thermal expansion and (2) a singular change. The latter is observed at the transition point, while the remainder of the thermal expansion is characterized as (1). The largest conventional thermal expansion is observed along axis a, which is perhaps not surprising as this does not contain hydrogen bonds (Table 1, Fig. 2 ). The singular change at the transition point is also observed along axis a (Fig. 5) . Singular thermal expansion along other axes (b and c) (at the transition point) is negligible. At the transition point, parameter b increases by over 1%, while parameter c decreases slightly. The hydrogen-bond chains are directed exactly along the c axis (Fig. 2) .
The temperature dependences of the donor-acceptor distances across hydrogen bonds are shown in Fig. 6 . The I L ⇔ I H phase transition is accompanied by very interesting changes in the hierarchy of the bonds. The strongest and the shortest hydrogen bond, N1-H1⋯O3, remains unchanged, but the bifurcated hydrogen bonds, N2-H2⋯O2 and N2-H2⋯O3, change. The distance N2⋯O3 increases and becomes longer than the distance N2⋯O2 in the hightemperature form I H , while in the ambient-temperature form (I L ) the distance N2⋯O2 was longer. Similar changes in the hydrogen bonds were seen in α-chlorpropamide across its transformation to the high-pressure polymorph.
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Isostructural conformational and single-crystal-to-singlecrystal transformations
We use the term 'isostructural' in this paper, as defined by Coles et al., 29 to describe phase transitions without a major change in molecular packing, with particular emphasis on their relation to single-crystal to single-crystal phase transitions. For many molecular crystals, reversible phase transitions that do not break single crystals have been reported. [29] [30] [31] [32] [33] In this paper, we limit discussion to a comparison of the isostructural transformations in tolbutamide with those in chlorpropamide ( Table 2) . Transformations I L ⇔ I H and III 2 ⇔ III in tolbutamide are indicated in Table 2 as being isostructural and conformational in nature. None of the hydrogen bonds are broken across these transformations; they are reversible, and single crystals preserve their shape and transparency. The transformation ε′ ⇔ ε in chlorpropamide 9 is similar to the I L ⇔ I H transformation in tolbutamide (both transformations are accompanied by a simultaneous change in the conformation of the alkyl tails of all molecules). The main difference between these two cases is quantitative, the volume change being 2.5% for tolbutamide and 5.0%, twice as large, for chlorpropamide. This difference leads to a qualitative difference in the behavior of single crystals: a single crystal of ε-chlorpropamide is destroyed after several heating/cooling cycles across the ε′ ⇔ ε transformation, whereas that of tolbutamide is preserved. When discussing the preservation of single crystals over the course of a phase transition, it is important to remember that the size of the crystal may be of crucial importance. For example, a glycine-glutaric acid co-crystal of ∼0.4 mm is preserved across a polymorphic transformation between 200 and 225 K with ΔV/V ≈ 2.7%, and the two phases can be studied by single-crystal X-ray diffraction, but a larger (∼3 mm) crystal used for DSC measurements breaks across this same transition. 30 The III 2 ⇔ III transformation in tolbutamide is similar to the β II ⇔ β III transition in chlorpropamide 10 (the two transformations are accompanied by a change in only part of the molecules). The main difference between these two cases is in the number of molecules changing their conformations. In tolbutamide, the alkyl tail turns in every third molecule, giving Z′ = 3 in the low-temperature polymorph. In chlorpropamide, the conformation changes in every fourth molecule, resulting in Z′ = 4. As a direct result of these conformational changes, one of the unit cell parameters increases a whole number of times. Nevertheless, we also consider this type of transformation to be isostructural (to describe the INTERmolecular region, as opposed to the molecules themselves) because, while the changes in the formal mathematical description of symmetry are significant, they are accompanied by negligible changes in the packing of molecules.
Isostructural conformational transformations versus reconstructive transformations
The tolbutamide and chlorpropamide isostructural conformational transformations are also reversible at the macroscopic level. A single crystal can undergo a phase transition (or a series of phase transitions) with variations in T and P conditions, but will be exactly the same after the initial conditions are restored. In contrast, the initial single crystal is immediately lost (irreversibly) upon any reconstructive transformation, even if its crystal structure can be restored in the reverse transition. In many cases, after such a transformation, the initial phase (even as a powder) cannot be restored on returning to the initial conditions. For example, after determining the crystal structure of form I H , we have proved (using in situ X-ray powder diffraction in a capillary on heating), that forms II and III of tolbutamide transform on heating into I H (II ⇒ I H and III ⇒ I H ), without any trace of the starting form in the high-temperature form (Fig. 7) . On cooling, the high-temperature form transforms into I L . These transformations (II ⇒ I H and III ⇒ I H ) are thus irreversible.
The rate of a reconstructive transformation is often limited by nucleation. After a nucleus of the new phase reaches a critical size, it begins growing irreversibly. Comparative analysis of the initial and post-transformation structures shows that the reconstructive transformation cannot proceed without breaking bonds. For example, the infinite chains in all polymorphs of both chlorpropamide and tolbutamide, except tolbutamide II, are directed along a well-defined direction. In tolbutamide II, the chains that are formed by two of four symmetry-independent molecules (Ch1 and Ch2) run perpendicularly to the tapes formed by the remaining two symmetry independent molecules (Ch3 and Ch4). 15 Because of this, even if the hydrogen-bond motifs (Scheme 1) are identical in all tolbutamide polymorphs, the II ⇒ I H transformation cannot occur except via nucleation and subsequent recrystallization. The same is valid for chlorpropamide, where transformations α ⇒ ε and γ ⇒ ε are not only accompanied by a change in space group, but also by a change in the symmetry of every second chain. Nucleation in reconstructive transformations is sensitive to thermal prehistory. In DSC measurements, the start of a reconstructive polymorphic transformation depends on the heating rate. 34 It is obvious that no hysteresis occurs, as there is no reverse transformation. Reconstructive transformations have no well-defined transition temperature and can occur at any temperature beyond the limits of polymorphic stability. For example, the isothermal kinetics of the III ⇒ I H transformation in tolbutamide were studied at 65, 70, 75, and 80°C in. 35 In isostructural transformations, the DSC peaks are reversible. Sometimes they are sharp peaks with hysteresis like that in a conventional first-order phase transition, 30 and sometimes they appear as a triangular peak typical of a second-order phase transition (see β II ⇔ β 10 ). As for the I L ⇔ I H transformation ( Fig. 3) , it surely resembles a first-order phase transition but, surprisingly, without hysteresis.
Comparing the polymorphs of tolbutamide and chlorpropamide
There are a number of common features between the polymorphic transformations of tolbutamide and chlorpropamide. For both compounds, there exists only one hightemperature polymorph, into which other forms transform before melting. However, each case is characterized by its peculiar features.
Of the five polymorphs of tolbutamide (I L , II, III, IV, V), three (II, III and IV) transform into form I H on heating below its melting point of 128°C. Form V is unstable at room temperature and transforms into I L . 16 Depending on the heating conditions, form II can melt at its own melting point of 117°C , subsequently crystallizing exothermally to tolbutamide I H , which then melts at 128°C, 15 but it can also transform into I H via a solid-state transition (see Fig. 7 ). Form I H is the most stable polymorph of tolbutamide at high temperatures. However, form I L is less stable than form III below 40°C, 36 transforming to form III in aqueous solution.
Of the five polymorphs of chlorpropamide (α, β, γ, δ, ε), four (α, β, γ, and δ) transform into form ε on heating. The latter melts at 128°C. For α and β, the temperature of their transformation into ε depends on the heating rate and can overlap with the melting point of the product. In such cases, the endothermic start of the process is followed by an exothermic stage, subsequently resuming its endothermic behaviour. The ε form is the most stable polymorph of chlorpropamide at high temperatures. However, it is less stable than the α form below room temperature, and the ε ⇒ α transformation occurs on storage at ambient conditions. This transformation was also observed on cryogrinding. 37 The most stable high-temperature polymorphs of both tolbutamide (I H ) and chlorpropamide (ε) undergo reversible conformational isostructural transformations into their lowtemperature metastable daughter forms (I L and ε′, respectively), albeit at different temperatures: 313 K for I L ⇔ I H (see Fig. 3 ) and ∼215 K for ε′ ⇔ ε (see Fig. 8 ).
Conclusions
Structural investigation of the three polymorphs of tolbutamide (I, II, and III) over a wide temperature range (from 100 to 300 K for forms II and III and from 100 to 350 K for form I) allowed, for the first time, determination of the crystal structure of the high-temperature form, I H , and calculation of the volume change ΔV/V for two isostructural transformations, I L ⇔ I H and III 2 ⇔ III. The reversible transformation, I L ⇔ I H , was found to be of the single-crystal to single-crystal type. The structure of I H differs from that of I L only in the conformation of the molecules. The exact temperature range of the I L ⇔ I H transition in commercial powder was measured using DSC and was found to be extremely narrow (between 312.8 K at heating and 313.0 K at cooling). The temperature hysteresis was found to be less than the dispersion of the transition points for individual particles in the powder sample.
Comparison between polymorphic transformations in tolbutamide and chlorpropamide reveals much similarity. All transformations accompanied by a conformational change can be categorized into two types, isostructural and reconstructive. Reconstructive transformations are irreversible, affecting both the packing of molecules and molecular conformations. Isostructural transformations are also reversible at the macroscopic level and mainly affect the conformations of molecules, leaving the hydrogen bonds unchanged. Singlecrystal to single-crystal transformations are isostructural in nature.
